Introduction: Identifying marathon runners at risk of neurological deterioration at the end of the race (within a large cohort complaining of exhaustion, dehydration, nausea, headache, dizziness, etc.) is challenging. Here we report a case of rehydration-related hyponatraemia with ensuing brain herniation.
Introduction
Rehydration-related hyponatraemia and immediate death from brainstem herniation after a marathon is exceedingly rare [1] . In contrast, the risk of acute rehydrationrelated hyponatraemia (Na<135 mM) in marathon runners is frequent (about 13% [2] ). The classical symptoms of acute hyponatraemia are non-specific and comprise lethargy, nausea/vomiting, irritability/restless, disorientation, headaches and muscle weakness/cramps [2, 3] . In severe cases drowsiness/confusion, psychosis, seizures, depressed reflexes, neurogenic pulmonary oedema, cerebral infarction and respiratory arrest may develop. Ultimately, brain oedema, herniation and brainstem death occur. To the best of our knowledge there are only two reports of marathon runners in whom brainstem herniation due to hyponatraemic encephalopathy was the sus-pected cause of death, but neither of these cases was sufficiently well documented in the medical literature to allow for discussion of the clinical presentation and signs needed for further teaching [1, 4] . Here we present the first detailed report of a case of rehydration-related hyponatraemia with brain herniation in a marathon runner, and give a didactic discussion of the core clinical features needed to be recognised in the Emergency Room.
Case presentation
A male aged in his 30's was admitted to the Emergency Room following collapse in the recovery area following a marathon. He had completed the marathon within around 4 hours on a sunny but cold day. In the Emergency Room he felt faint and dizzy and complained of a headache. His GCS was 15/15, pupils were reactive and his general medical examination was normal. He had a blood pressure of 130/70 mmHg, the ECG showed sinus rhythm of 80 bpm, his chest X-ray did not show any evidence for pulmonary oedema. His blood glucose was 5.4 mM and the Na was 133 mM. He was one of hundreds of athletes presenting at the same time with very similar symptoms, thought to be related to dehydration, and consequently received intravenous rehydration (1 L of 5% Dextrose and 1 L 0.9% NaCl). Four hours after his initial collapse he suddenly vomited and his GCS dropped to 11/15. Shortly after this he suffered a respiratory arrest requiring tracheal intubation. An urgent CT scan showed midbrain herniation into the foramen magnum ( Figure 1E and 1F) and severe hydrocephalus ( Figure 1A-D) , but no fresh blood. An emergency blood screen showed a mild hyponatraemia (Na 130 mM) [2] , thought to be due to excessive rehydration. Serum osmolarity was 279 mosmol/kg and urine osmolarity 126 mosmol/kg with normal serum urea (5.0 mM). Serum CK was elevated to 948 IU/L thought to be due to the strenuous exercise. He was then transferred to a nearby neurosurgical centre where an extraventricular drain was inserted for emergency management of high ICP due to hydrocephalus. The ICP was not measured, but the CSF came out under high pressure. On subsequent admission to the intensive care unit (8 hours after his collapse in the recovery area) his pupils were noted to be fixed and dilated and funduscopy demonstrated an acuteon-chronic optic disc oedema [5] . The pupils remained fixed and his GCS was 3/15 off sedation. He underwent formal testing for brainstem death 8 hours after the sedation had been turned off. A postmortem examination was not performed.
A CSF sample was taken during the operative procedure and sent for spectrophotometric assessment of pigments to evaluate whether this could be a CT-negative SAH with secondary hydrocephalus. CSF spectrophotometry did not reveal any trace of oxyhaemoglobin or bilirubin [6] , but ferritin levels were considerably raised (530 ng/mL, upper reference value 12 ng/mL) consistent with a previous bleed [7] . Together, these findings suggested that a subarachnoid hemorrhage, complicated by secondary hydrocephalus may have occurred prior to the race. On further questioning of his widow it emerged that the patient had experienced a severe headache three months earlier following an increase in his running schedule. The headache became intolerable and prevented him from sleeping. He felt nauseous, vomited and was unable to move his head because of neck pain. The general practitioner who was called out recorded a high blood pressure and administered paracetamol for pain relief. The patient was unable to return to work for 3 days. The headaches continued in a waxing and waning fashion over the following weeks. He started to develop morning sickness, lost his appetite and stopped having breakfast altogether. Despite these symptoms he continued to increase his running schedule. When he completed his first 22 mile run two months later, he experienced another period of severe headache which was attributed to dehydration. Oral rehydration did not help and he continued to feel run-down to a degree which made it impossible for him to return to work for another 2 days. One month later he ran and finished a marathon whereupon he collapsed and died from brain herniation, a likely consequence of hyponatraemic brain swelling on a background of hydrocephalus secondary to a previous subarachnoid hemorrhage (SAH).
Discussion
This tragic case illustrates several problems which are frequently seen in the Emergency room: hyponatraemia, headaches and nausea.
Hyponatraemia
Rehydration-related hyponatraemia occurs in about 13% of athletes [2] making it a potentially difficult logistic problem (with tens of thousands of runners participating in high-profile marathons worldwide). The development of symptoms in acute hyponatraemia depends on the rate of fall of serum Na rather than the absolute degree of hyponatraemia [3] . The osmotic gradient produced between the blood and the brain parenchyma may cause potentially lethal cerebral oedema by increasing the intracranial pressure, leading to tentorial herniation, depression of the respiratory centre and death [3, 4, [8] [9] [10] . In presence of normal blood glucose levels there is no reason to give 5% dextrose (as happened in the present case) because the risk of brain oedema in the presence of hyponatraemia is increased. The level of hyponatraemia in the present case was relatively mild (130 mM) compared to other reported cases of hyponatraemic encephalopathy (Table 1) . However, there are important differences in comparison with our case. Firstly, the patient reported by Garigan et al. [9] and by O'Brien et al. [10] was severely fluid-overloaded (9.46 liters of pure CT brain scan signs of hydrocephalus, high intracranial pressure and brain stem herniation water over 90 minutes at one point) and arrived in the Emergency Room with a florid pulmonary oedema [9] . Our patient received only 3 liters of isotonic solutions over 4 hours. Admittedly, the amount of fluid intake during the 4 hour run was not known, but his normal haematocrit on admission of 0.373 and his normal chest X-ray suggests that he was not in fluid overload. The other patient, reported by Ayus et al. [4] , died primarily because of mismanagement. She was treated with fluid restriction, a strategy for which there is no supporting data (A Arieff, personal communication).
We therefore suspect that our patient may have already suffered from a SAH, producing substantial hydrocephalus prior to the race, thus allowing for only for a small degree of parenchymal brain swelling leading to herniation. It has been suggested that hyponatraemic encephalopathy be named Varon-Ayus syndrome [11] .
Headaches
Any newly developing severe headache is suspicious. A SAH should be suspected if the headaches are of sudden onset and associated with vomiting, meningism (neck stiffness) and a rise in blood pressure. All of this was noted in our case. Characteristically 50% of patients having a SAH experience an instantaneous, thunderclap headache and about 20% will recall similar headaches in the preceding days [12] . Meningism is a good clinical sign if present but it is not sensitive, as it can take hours to develop [13] . Hypertension is a common finding in SAH and understood to be, at least in part, a compensatory phenomenon maintaining cerebral perfusion pressure. If the CT brain imaging does not show any fresh blood, a lumbar puncture for analysis of CSF pigments by spectrophotometry is recommended [6, 14] . The results in this case suggest that the recommended analysis of CSF pigments (i.e. bilirubin) may be normal if the bleed occurred Figure  1A&B ). Formal brainstem death testing was performed 16 hours after he collapsed.
more than three weeks ago. CSF bilirubin rises 6-12 hours after a bleed and has been shown to be a very sensitive (100%) marker for up to two weeks following an angiographically proven aneurysmal SAH. Sensitivity decreases to 91% after three weeks and to 71% after four weeks [15] . In these cases the additional measurement of CSF ferritin levels may be of diagnostic value [7, 14] . The development of ventricular dilatation following a SAH can be observed in up to 25% of patients. A proportion of these need external ventricular drainage and some will require permanent shunt insertion [13] .
Nausea
Raised intracranial pressure (ICP) should be suspected if nausea (morning sickness) is associated with headaches, loss of appetite and chronic optic disc oedema. The development of optic disc oedema can be classified into four stages: early, developed, chronic and atrophic [5] . Early optic disc oedema can appear 3-4 hours after ictus [16] and a dramatic, acute rise of ICP may even result in peripapillary retinal nerve fibre layer (NFL) hemorrhages with relatively little swelling of the optic disc, as demonstrated in Figure 2A [17] .
Probably the most reliable clinical signs of optic disc oedema are swelling of the NFL, peripapillary retinal NFL hemorrhages and blurring of the peripapillary NFL (Figure 2B) . The swelling of the NFL also leads to the typical appearance of vessels describing a loop as they emerge from the optic canal ( Figure 1C ) and obscuration of the retinal vasculature ( Figure 2D ). In gross optic disc oedema the retinal vasculature may be almost completely masked ( Figure 2E ). If optic disc oedema persists for a long time, disc swelling disappears as axons degenerate ( Figure 2F ). Due to the chronically raised pressure in the central retinal vein, retinochoroidal venous collaterals develop ( Figure  2F ) thereby shunting blood into the choroidal circulation, which has a lower venous pressure [17] .
Because of individual differences, retinal hyperemia and blurring of the disc margins are less reliable clinical signs and it is most unlikely that one will have seen (and remember) a particular disc of a patient who presented to the Emergency Room in the past. Typically, acute optic disc oedema arises bilaterally and is associated with full visual fields, normal visual acuity and color vision. The only finding may be an enlarged blind spot [17] .
In contrast to acute optic disc oedema, absent spontaneous venous pulsation (SVP) is an unreliable sign for high ICP, because SVP is only observed in 80% of normal subjects [18] .
CSF analysis
In this case the CSF analysis provided important diagnostic clues. Firstly spectrophotometry did not show any trace of haemoglobin, oxyheamoglobin or bilirubin. This virtually excluded a recent bleed [14] . The normal CSF protein of 0.55 g/L (the normal range in our institution is 0.15-0.64 g/L) suggested that there has been no significant breakdown of the blood-CSF barrier. A minor degree of blood-CSF barrier dysfunction cannot be excluded, requiring paired measurement of CSF and serum albumin. Because in this case the ventricular CSF was sampled after insertion of an EVD, procedure-related contamina- tion of the CSF with albumin could have been expected (CSF red cells were 2*10 3 , no CSF white cells were seen). This rendered the CSF:serum albumin ratio as an indicator for integrity of the blood-CSF barrier questionable. Therefore we did not measured the CSF albumin in this case. The high CSF lactate of 12.7 mM (normal serum lacate 1.3 mM) together with the normal CSF total protein and glucose (CSF 2.1 mM, serum 7.9 mM) suggested an increased anaerobic metabolism, possibly due to high ICP and poor CNS perfusion.
The key result in this case was the 44-fold elevated CSF ferritin of 530 ng/mL. It has previously been shown that CSF ferritin, which is too large to pass through the blood-CSF barrier (450-480 kDa), is produced intrathecally [7, 19] . CSF ferritin rises primarily in response to a bleed such as a SAH, a stroke with haemorrhagic transformation, or any other form of an intracerebral bleed including superficial siderosis. Elevated ferritin levels have also been observed with CNS necrosis, vasculitis, infections and in miscellaneous CNS infections [14] . Two independent studies showed a significant rise of CSF ferritin levels within 3 days of a SAH [20, 21] . Suzuki et al. presented the pooled data for days 3-4 following the bleed with mean CSF ferritin levels of around 250 ng/mL in patients without hydrocephalus and 1000 ng/mL in patients with secondary hydrocephalus [20] . Our own longitudinal data on 24 patients showed median ventricular CSF ferritin levels of 65 ng/mL on day one raising to 1750 ng/mL on day 11 [21] . There is as yet no data in the public domain with regard to the long term (months to years) CSF ferritin levels following a bleed but, in the absence of any complications such as a hydrocephalus, one would expect them to return to normal as the toxic iron is removed.
In summary, a targeted CSF analysis consisting of at least cytology, CSF total protein, glucose, lactate, CSF spectrophotometry and CSF ferritin levels can provide important clues for the diagnostic work up of patients presenting to the Emergency Room with suspected CNS pathology causing non-specific symptoms such as headaches and nausea.
Conclusion
In conclusion, a simple clinical test such as funduscopy in the Emergency Room may allow for early identification of those athletes who require neuroimaging. With the benefit of hindsight it may have been possible to have suspected a SAH or the presence of intracranial hypertension on the basis of the clinical signs and symptoms in this case.
